We have prepared Zr-Al-Ni-Cu-Pd bulk metallic glasses (BMGs) cast in an ambient Ar atmosphere, in which the cooling effect is enhanced. The Zr 65 Al 7:5 Ni 10 Cu 17:5Àx Pd x (x ¼ 1{5) BMGs exhibit a good plasticity during the compressive deformation process. A significant plasticity of 6% plastic strain is obtained in the Zr 65 Al 7:5 Ni 10 Cu 12:5 Pd 5 BMG, where the deformation mode with multi shear bands appears near the fracture surface. Nanocrystalline particles are arranged in a band-like formation in the glassy matrix around the multi shear bands, indicating the restraint of shear band propagation owing to the dynamic precipitation of the nanocrystals. The unrelaxed structure owing to the higher cooling rate in the present condition may also contribute to the good plasticity.
Introduction
Bulk metallic glasses (BMGs) have been regarded as new classes of engineering and functional materials due to their exceptional physical and chemical properties. Especially, their good mechanical properties have been attractive for several industrial applications such as micro-geared motor, pressure sensor, sporting goods and so on. 1) In the recent years, many groups have reported the production of nanocomposite materials based on BMGs with nanoscale structure control for the improvement of poor plasticity in monolithic metallic glasses. 2, 3) Since the inhomogeneous deformation, which appears generally at low temperatures such as room temperature, proceeds by the formation and propagation of localized shear bands, suppression of their propagation by the secondary nano phase is very effective for the improvement of plasticity.
Very recently, we have reported the preparation and properties of a new Zr 65 Al 7:5 Ni 10 Pd 17:5 BMG cast in an ambient Ar atmosphere, which brings an enhancement of apparent glass-forming ability (GFA). 4) Casting in the ambient pressure increases a cooling rate in a lower temperature region (approximately below T g þ 200 K), which restricts a precipitation of quasicrystalline (QC) phase located in this temperature range in the continuous cooling time-temperature curve. 5) Moreover, the Zr 65 Al 7:5 Ni 10 Pd 17:5 BMG exhibits a significant plasticity in compressive deformation, which is clearly in contrast with other BMGs. 6) We have presented a direct evidence of dynamic nanocrystallization by compressive deformation at room temperature in the metallic glass. 7) This deformation-induced nanocrystallization leads to a restraint of the propagation of localized shear bands. In this paper, we report a good plasticity in a small amount of Pd containing Zr-Al-Ni-Cu BMGs such as Zr 65 Al 7:5 Ni 10 Cu 12:5 Pd 5 . The result provides a new concept of development of plasticity in Zr-based BMGs using the unrelaxed structure and deformation-induced localized nanocrystallization.
Experimental Procedures
The master ingots of the Zr 65 Al 7:5 Ni 10 Cu 17:5Àx Pd x (x ¼ 0, 1, 2 and 5) metallic glasses were produced by arc-melting Zr of 99.9% purity and Al, Ni, Cu and Pd of 99.99% purity in a purified argon atmosphere. The alloys were heated by the induction melting method in a quartz tube up to a temperature of approximately 100 K above the liquidus temperature (T l ) in purified argon gas under atmospheric pressure (= 0.1 MPa). The molten alloy was cast into a Cu mold of 2.5 mm in diameter and 50 mm in length, remaining an ambient Ar pressure. The mechanical test was conducted with a strain gauge under the compressive mode at a strain rate of 5 Â 10 À4 s À1 at room temperature. The sample used in the compression test was 2.5 mm in diameter and 6 mm in height. The fracture surface was examined by scanning electron microscopy (SEM) with an accelerating voltage of 20 kV. The fractured sample was cut in approximately 0.1 mm thick and then it was polished in the cut surface to obtain a 5 mm-thick fracture surface. The sample was ionmilled from the polished surface, i.e., the opposite side of the fractured surface, with liquid nitrogen cooling using lowangle ion milling and a dimple-grinding facility for transmission electron microscopy (TEM) observation. The TEM observation was performed using a field-emission-type microscope with an accelerating voltage of 300 kV (JEOL JEM-3000F). The structure of the local region was also analyzed using the fast Fourier transform of the highresolution image and nanobeam electron diffraction.
Results and Discussion
Figures 1(a) and (b) show x-ray diffraction (XRD) patterns and differential scanning calorimetry (DSC) curves of the ascast Zr 65 Al 7:5 Ni 10 Cu 17:5Àx Pd x (x ¼ 0, 1, 2 and 5) BMGs, respectively. All XRD patterns contain a halo peak and no diffraction peaks corresponding to a crystalline phase are observed. The glass transition prior to an exothermic peak is confirmed in all samples. The exothermic reaction is almost single at x ¼ 0 and it divides into two peaks by addition of Pd. We have previously reported that the first peak corresponds to the precipitation of QC phase in the Pdcontaining alloy. Figure 3 shows the typical stress-strain (S-S) curves of the compressive deformation of the Zr 65 Al 7:5 Ni 10 Cu 17:5Àx Pd x (x ¼ 0, 1, 2 and 5) BMGs. The S-S curve of the Zr 65 Al 7:5 Ni 10 Cu 17:5 metallic glass cast in the vacuum is also denoted in the figure. Both the non-Pd containing alloy (Zr 65 Al 7:5 Ni 10 Cu 17:5 ) samples cast in the ambient Ar pressure and in the vacuum have very few plastic strains of about 2.2 and 1.4%, respectively. We found that plasticity improves with an increase of Pd content and it is very significant in the Pd content of 5 at%. The plastic strain is estimated to be 6.0% in the Zr 65 Al 7:5 Ni 10 Cu 12:5 Pd 5 BMG, which is markedly improved compared with those in other alloys. In contrast, the yield stress, maximum stress and Young's modulus are almost the same in these alloys. For example, the yield stress, We have previously reported that the ambient Ar pressure during casting greatly contributes to the increase of relaxation enthalpy in the metallic glass due to an increase of the cooling rate, especially in the temperature range approximately below T g þ 200 K.
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spectively. The relaxation enthalpy is strongly correlated with the amount of free volume in the glassy state. It has been studied that the large free volume may be effective for plasticity. [9] [10] [11] During deformation under an external loading, shear bands are suggested to be nucleated at free volume site or local weakly-bonded region. So it is expected that the unrelaxed glassy structure brings an increase of number of shear bands during deformation. Actually, as we mentioned above, the plastic strain slightly increases from 1. Therefore, we should consider other mechanism for the marked plasticity (6.0%) in the present Zr 65 Al 7:5 Ni 10 -Cu 12:5 Pd 5 BMG cast in the ambient Ar pressure, in addition to the increase of free volume. Figure 4 shows SEM images of the side surface of the cylindrical samples near the fractured region in the from the stress axes. The distance between shear bands is over 20 mm. Meanwhile, it is clearly seen that the number of shear bands increases with an increase of Pd content in the alloys. Such the multishear-band pattern is usually obtained in the surface of the metallic glass with a significant plasticity. The distance between shear bands is about 5 mm or less and a large number of shear bands appear at various angles from the stress axis in the Zr 65 Al 7:5 Ni 10 Cu 12:5 Pd 5 BMG. This is in contrast with the typical images of other bulk metallic glasses that have no significant plastic strain during compressive deformation. A similar multi-shear band is obtained in nanocomposite materials consisting of nanocrystalline particles or a ductile crystalline phase in a glassy matrix under a uniaxial stress state, [13] [14] [15] while it does not usually appear in the monolithic bulk metallic glasses. We have already reported the multi-shear-band pattern in the monolithic glassy alloy of Zr 65 Al 7:5 Ni 10 Pd 17:5 with a significant plastic strain of 6.6%, where a suppression of the shear band propagation occurs by deformation-induced nanocrystallization. exhibit a significant plasticity. 16) These results indicate that the monolithic glassy structure completely remains after the fractured deformation in the BMG with a poor plasticity. In contrast, a band-like contrast can be observed in the fracture tip of the Zr 65 Al 7:5 Ni 10 Cu 12:5 Pd 5 BMG as shown in Fig. 5(a) . The width of bright and dark regions is in the range from 50 to 100 nm. Considering that significant diffraction spots appear in the SAD pattern in (b), the band-like contrast is attributed to the inhomogeneous structure change. Highresolution TEM (HREM) image (a), fast Fourier transform (FFT) (b) and nano beam electron diffraction (NBD) pattern (c) of the fractured tip of the Zr 65 Al 7:5 Ni 10 Cu 12:5 Pd 5 BMG are shown in Fig. 6 . We can confirm the fringe contrast in diameters of 5 to 10 nm in the dark region as denoted ''NC'' in (a). The results reveal the precipitation of nanocrystalline particles. Meanwhile, the bright region has a homogenous maze contrast in agreement with that in the as-cast sample. The FFT obtained from the bright region in (b) mainly consists of the halo ring, indicating the glassy structure. The precipitated nanocrystalline particles are identified as the metastable fcc Zr 2 Ni structure by the examination of NBD pattern as indexed in Fig. 6(c) . It has been reported the formation of metastable phase with the fcc Zr 2 Ni structure in the primary crystallization stage in the Zr-Al-Ni-Cu-Pd metallic glass, in which all the constitutional elements are contained as solute atom.
17) The fcc Zr 2 Ni structure is well known as the unique structure containing the distorted icosahedral clusters in the big unit cell with the lattice parameter of approximately a ¼ 1:23 nm. [18] [19] [20] The formation of band-like structure and the inhomogeneous precipitation of the metastable fcc Zr 2 Ni are recognized as the same results in the fractured Zr 65 Al 7:5 Ni 10 Pd 17:5 metallic glass. 7) That is, deformation-induced nanocrystallization can occur even in the Zr-based metallic glass with a low Pd content such as the Zr 65 Al 7:5 Ni 10 Cu 12:5 Pd 5 BMG. However, the width of bright and dark regions in the Zr 65 Al 7:5 Ni 10 -Cu 12:5 Pd 5 BMG is considerably larger than those (20 to 50 nm for bright region and 5 to 10 nm for dark region) in the Zr 65 Al 7:5 Ni 10 Pd 17:5 BMG. The difference may result from the difference of the stability of supercooled liquid state during the propagation of shear band between both alloys. The unique microstructure with the precipitation of fine nanocrystalline particles arranged in the nanoscale band-like region in the glassy matrix leads to the dynamic crystallization during micro-shear-band propagation.
We have already investigated the mechanism of the precipitation of nanocrystalline particles with a band like morphology by the propagation of an individual shear band. 16) With the propagation of the shear band associated with localized viscous flow, structural segregation and transformation are induced owing to the localized temperature arising or the change in chemical short-range order (CSRO) 21) It is well known that the present Zr-Al-Ni-Cu-Pd metallic glasses have the primary QC phase transformation behavior by annealing. 8) In the deformation-induced crystallization, the metallic glass is strongly distorted around the shear band and the constituent elements are difficult to arrange in a QC order for the short time under stress. We suggest that this is the reason for the precipitation of the fcc Zr 2 Ni phase instead of the QC phase. The propagation of the corresponding shear band should be suppressed suddenly by the precipitation of the fcc Zr 2 Ni nanocrystalline particles. It, therefore results in the arrangement of nanocrystals along with a stationary shear band. Repeating the process during deformation, a significant plasticity is exhibited by shear band branching compared with that in deformation without nanocrystallization.
Conclusion
The present study provides an important result that a plasticity can be improved by addition of a small amount of Pd ($5 at%) in the Zr 65 Al 7:5 Ni 10 Cu 17:5 BMG. Preparing the BMGs cast in the ambient Ar pressure leads to the increase of free volume in the glassy state, which may contribute to the improvement of plasticity. Moreover, we have found that deformation-induced nanocrystallization occurs even in the low Pd content alloys such as Zr 65 Al 7:5 Ni 10 Cu 12:5 Pd 5 during compression. A nanoscale structure arranging fcc Zr 2 Ni nanocrystalline particles in a band-like formation in the glassy matrix is observed in the fracture tip. It is concluded that the present results are recognized as a novel method to improve the plasticity in metallic glasses.
